
www.elsevier.com/locate/asr

Advances in Space Research 39 (2007) 315–323
Calibration of MICROSCOPE

E. Guiu *, M. Rodrigues, P. Touboul, G. Pradels 1

Office National d’Études et de Recherches Aérospatiales, Physics and Instrumentation Department, BP 72, 92320 Châtillon, France

Received 15 November 2004; received in revised form 20 June 2006; accepted 21 June 2006
Abstract

The MICROSCOPE mission is planned for launch in early 2009. It aims to verify the Equivalence Principle to an accuracy of 10�15,
which is currently difficult to obtain on Earth because of the intrinsic limitations of the torsion pendulum and disturbing phenomena, like
seismic activity. In space the experiment can take advantage of the quiet environment provided by a drag-free satellite.

The instrument used for the test is a differential electrostatic accelerometer composed of two inertial sensors with test-masses made of
different materials: one in Platinum–Rhodium alloy, the other in Titanium alloy. The space experiment will also benefit from a second
differential accelerometer with both test-masses of the same material, which will be used as a reference instrument to characterise the
disturbing signals and sensitivities.

The in-orbit calibration of the instrument is mandatory to validate the space test and several procedures have been previously pro-
posed, taking advantage of the satellite propulsion system or the a priori knowledge of natural in-orbit applied accelerations. Due to the
actual configuration of the MICROSCOPE propulsion system, the possibility of accurate satellite manoeuvres is limited but sufficient.
This paper presents the necessary compromise between the knowledge of satellite and instrument parameters and the calibration proce-
dures. The scenario of the MICROSCOPE in-orbit calibration phase is finely defined in agreement with the required performances for
the EP test accuracy.
� 2006 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The universality of free fall is one of the most obvious
consequences of the Equivalence Principle (EP): two bodies
subjected to the same field of gravity undergo the same
acceleration, regardless of their dimensions and internal
composition. Einstein (Einstein, 1907) expressed the EP
principle, empirically known since Galilee and Newton,
as a postulate of his theory of general relativity.

Two types of tests on ground have reached accuracies of
a few 10�13. One is based on a torsion pendulum experi-
ment with masses of different composition submitted to
the same Sun attraction (Baessler et al., 1999). The other
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consists in years of laser ranging measurement between
the Earth and the Moon to survey the relative motion of
the two celestial bodies of different compositions (only
Earth has an internal iron core) (Nordtvedt, 2003). Nowa-
days both these experiments are limited by the
environment.

The MICROSCOPE microsatellite mission was pro-
posed in 1999 by the ONERA aerospace research institute
and the Observatoire de la Côte d’Azur (OCA), and select-
ed by CNES, the French space agency. The primary scien-
tific objective of the mission is the test of the Equivalence
Principle to an accuracy of at least 10�15, by comparing
the equivalence between the inertial mass and the gravita-
tional mass of two bodies of different composition and den-
sity (Touboul et al., 2001).

This improvement in accuracy of at least two orders of
magnitude will be achieved by using ultrasensitive
ed.
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electrostatic accelerometers, developed in our laboratory
for space applications and by taking advantage of the spe-
cific environment and operation of the dedicated satellite.

2. MICROSCOPE

2.1. The mission

MICROSCOPE will be the third microsatellite of the
MYRIADE family, developed by CNES since 1996. The
first one, DEMETER, was successfully launched in June
2004. Besides its first survey of the Earth electromagnetic
emissions linked to seismic phenomena, the mission
already demonstrates the performance of the recurring
technology for the microsatellite production line. After
PARASOL, the second satellite devoted to the character-
isation microphysical and radiative properties of clouds
and aerosols, launched in December 2004, MICROSCOPE
is scheduled to be launched in March 2009 by a Russian
Dnepr launcher or equivalent.

The MICROSCOPE satellite will fly at an altitude of
730 km on a quasi-polar and heliosynchronous orbit with
a less than 5 · 10�3 eccentricity. It takes advantage of this
low eclipse rate orbit to maintain the payload in a very sta-
ble thermal environment.

The 200 kg satellite is roughly one cubic meter featuring
two deployable solar panels always facing the sun during
the mission. The star tracker and mechanical and thermal
interface of the payload are fixed on the opposite side of
the satellite from the solar panels (Fig. 1). The two lateral
sides carry four pods of three electrical thrusters used for
the satellite attitude and orbit control.

The MICROSCOPE satellite includes an original drag-
free control system which compensates for the applied sur-
face forces, such as solar pressure and residual atmosphere
drag which deviate the orbit from a purely gravitational
one. The actuation of the thrusters is based on the mea-
Fig. 1. Position of the instr
surements delivered by the payload accelerometers and
the star tracker. Both angular and translational satellite
motions are finely controlled to reduce the accelerations
applied on the instrument, and thus decrease the environ-
mental noise. The attitude and drag-free control will con-
trol the motion of the satellite to levels as low as
3� 10�10 m s�2=

ffiffiffiffiffiffiffi
Hz
p

. This system also allows a precise
spin rate to be applied or not: if the satellite is not spun,
it is in quasi-inertial pointing mode.

2.2. The science instrument SAGE

The two differential accelerometers (Fig. 2) of the pay-
load fulfill two functions simultaneously: as the science
payload devoted to and optimized for the EP test, and as
the inertial reference sensor for the drag-free and attitude
control of the satellite. Each accelerometer contains two
cylindrical and concentric test-masses, one instrument with
masses of different materials to be compared in free fall, the
other with two masses of the same material to evaluate sto-
chastic and systematic errors (Touboul and Rodrigues,
2001). The center of masses of each differential accelerom-
eter and the center of mass of the satellite are aligned in
order to minimize the effects of attitude and the power nec-
essary to nullify the drag. The alignment of the center of
masses also attenuates the effect of the satellite spin on
the accelerometer measurement.

In the case of an EP violation, the test-masses of each
accelerometer, when free, will not follow the same in-orbit
gravitational trajectory. The weak electrostatic forces gen-
erated to keep both test-masses on the same orbit will be
accurately measured in the MICROSCOPE instrument.
A difference of applied acceleration gives potential evidence
of a violation of the EP.

The acceleration of the satellite depends on the non-
gravitational forces F ng

�!
and the acceleration induced by

the Earth’s gravity field, simply expressed by
uments in the satellite.
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Fig. 2. Configuration of one differential accelerometer.
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C
!ðOsatÞ ¼

F ng
�!

msat;I

þ msat;g

msat;I

� g!ðOsatÞ; ð1Þ

where msat,g represents the gravitational mass of the satel-
lite, msat,I its inertial mass and g!ðOsatÞ the Earth’s gravity
field at the satellite centre of gravity Osat.

The measured acceleration of the test-mass (denoted by
the index k = 1 for internal and k = 2 for external) depends
on the electrostatic acceleration applied onto the mass to
control its motion, C

!
app;k, and on the gravity field at its

center g!ðOkÞ. The mass is considered here as a monopole
with respect to the Earth’s field. Then, in the case of a per-
fect instrument, one has

C
!

app;k ¼ C
!ðOkÞ �

mgk

mIk
� g!ðOkÞ ð2Þ

with mgk representing the gravitational mass of the test-
mass k and mIk its inertial mass.

� C
!ðOkÞ ¼ C

!ðOsatÞ � ½In� � OkO
��!

sat � 2 � ½Cor� � _
OkO
��!

sat�
€

OkO
��!

sat and
� g!ðOkÞ ¼ g!ðOsatÞ þ ½T � � OkO

��!
sat.

Combining Eqs. (1) and (2) gives

C
!

app;k ¼
F
!

ng

msat;I

þ msat;g

msat;I

� mgk

mIk

� �
� g!ðOsatÞ

þ ð½T � � ½In�Þ � OkO
��!

sat � 2 � ½Cor� � _
OkO
��!

sat �
€

OkO
��!

sat;

ð3Þ
when linearizing the Earth’s gravity variations expressed
with the gravity gradient tensor [T], with the inertial tensor
[In] representing the sum of the angular and centrifugal
accelerations and [Cor] representing the Coriolis effect. In
the following each variable in square bracket is a 3 · 3
tensor.

The terms 2 � ½Cor� � _
OkO
��!

sat and
€

OkO
��!

sat are negligible
because of the stability of the distance Ok Osat.

Pointing, angular velocity and acceleration are specified
so that the inertial tensor [In] (Inij . 10�11 s�2 with
{i,j} 2 {x,y,z} the three instrument reference axes) is negli-
gible with respect to the gravity tensor [T] at the frequency
of the test fep (Tij 6 4 · 10�9 s�2) and frequencies of cali-
bration (Tij 6 10�6 s�2 at 2 Æ forb).

The gravity gradient [T] is obtained by a double deriva-
tion of the Earth’s gravity potential U: ½T � ¼ r!ðr!ðUÞÞ.

T ij ¼
o2U

oxioxj
¼ o2U

oxjoxi
¼ T ji:

The gravity gradient matrix is symmetrical (Touboul
et al., 2001).

The half difference between the applied accelerations on
the two masses of one differential accelerometer

C
!

app;d ¼ 1
2
� ðC!app;1 � C

!
app;2Þ

leads to

C
!

app;d � 1=2 � ðd � g!ðOsatÞ þ ½T � � D
!Þ; ð4Þ
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where d ¼ mg2

mI2
� mg1

mI1
’ g is the EP signal, g being the Eötvös

ratio ((Dittus and Mehls, 2001)). D
!¼ O1O2

���!
is the offcen-

tring between the two test-masses and is fixed by the instru-
ment structure stability and by the instrument operation to
control the masses motionless with respect to the structure.

The Eötvös ratio represents the potential EP violation
signal which will be at the orbital frequency when the mass
axes are inertial pointing. This differential acceleration,
C
!

app;d, is the science measurement data, in which the EP
signal is coupled to the effect of the gravity gradient and
the inertial accelerations when the two considered bodies
are not centred.

The half sum of the accelerations, C
!

app;c, is defined in a
similar way:

C
!

app;c ¼ 1
2
� ðC!app;1 þ C

!
app;2Þ:

C
!

app;c �
F
!

ng

msat;I

þ msat;g

msat;I

� 1

2
� mg1

mI1

þ mg2

mI2

� �� �
� g!ðOsatÞ

þ 1

2
� ½T � � ðO1O

��!
sat þ O2O

��!
satÞ ð5Þ

This common applied acceleration is fully rejected in the
perfect differential measurement expressed in Eq. (4) but
any source of sensor axis misalignment or sensitivity mis-
matching has to be corrected in flight or will partially intro-
duce the acceleration present in Eq. (8). In the following
section we will analyze how the instrument defects will be
characterized, evaluated in orbit and how the data on
ground will be corrected.
Fig. 3. Instrument axes and orbit.
3. The MICROSCOPE measurement

In laboratory, the SAGE instrument can not operate
under one g and exhibit the expected in-orbit accuracy.
Femtog accuracy, after data processing, is expected thanks
to a specific design optimized for in-orbit operation with a
limited full range of 0.1 lg. The instrument noise level in
orbit is 10�12 m s�2=

ffiffiffiffiffiffiffi
Hz
p

: each sensor has a dynamic range
of 106. Therefore it is necessary to measure the signal dur-
ing at least 20 orbits to reject the noise to a sufficient level
to achieve the required accuracy of 8 · 10�15 m s�2 for the
differential measured acceleration.

Specific electronics can be used to levitate the mass on
ground but the operation is very different from in orbit
and coupling between the vertical axis and the two horizon-
tal axes prevents characterization of the instrument sensi-
tivity and axes orientation with a sufficient accuracy.
Furthermore, ground tests of this type of sensor in a con-
trolled horizontal plane are limited by the one g projection
that may fluctuate: a 1 ng variation corresponds to a
2 · 10�4 arcsec instability. Thermal fluctuations and
human activities may add other sources of error as well.
Very accurate measurements have been published by the
LISA team (Anza et al., 2005) to levels of a few
10�13 m s�2=

ffiffiffiffiffiffiffi
Hz
p

in differential acceleration noise with a
torsion pendulum apparatus for the LISA pathfinder mis-
sion. This device helps to demonstrate the feasibility of
measuring very low accelerations and to find upper limits
for the parasitic forces acting on the test masses (like elec-
trostatic, thermal and pressure effects. . .). However, the
measurement errors due to the misknowledge of alignments
to sufficient accuracy cannot be directly measured on
the Flight Model. The sensitivity and the orientation of
the sensors will therefore not be sufficiently well known
before the in-orbit operations and an in-flight calibration
of the experiment is required to ensure the mission
performance.

To define the in-orbit calibration, the instrument and
satellite procedures, the expected signals to be analyzed
and the data processing need to be carefully defined before
the launch. The satellite manoeuvres (Fig. 3) are being
defined and analyzed in close collaboration with the satel-
lite team of CNES. The calibration signals have been ana-
lyzed with tools similar to the EP test data processing on
one hand and with simulation tools on the other hand. This
work has been carried out in close collaboration with the
OCA team. In the case of a perfect instrument the measure-
ment provided by each inertial sensor, C

!
meas;k, equals

C
!

app;k. But for a real instrument, C
!

meas;k can be expressed
by

C
!

meas;k � K
!

0;k þ ½Mk� � C
!

app;k þ
X

l¼x;y;z

u!t
l � ð½K2;k�

� C!app;k � C
!t

app;k � u!lÞ � u!l þ C
!

n;k; ð6Þ

where:

� K
!

0;k, the bias vector is mainly constant but may vary
according to the instrument environment, mainly the
thermal environment,
� [Mk] � [I + dMk] at first order, where [dMk] represents

the errors of sensitivity with respect to the unit matrix
I, which has to be limited first by the design and the
production accuracy, and then by the qualification and
verification procedures,
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� [K2,k] is the quadratic sensitivity matrix of the instru-
ment, representing non-linearities of order two: further
orders of non-linearities are not considered in the model
and all non-linearities are neglected thereafter,
� C
!

n;k includes all stochastic perturbations.

The differential measured acceleration is then:

C
!

meas;d ¼ 1
2
� ðC!meas;1 � C

!
meas;2Þ: ð7Þ

By introducing a linear common mode C
!

app;c ¼
1=2 � ðC!app;1 þ C

!
app;2Þ, C

!
meas;d can be expressed at first

order as a combination of common and differential applied
accelerations

C
!

meas;d � K
!

0;d þ ½Mc� � C
!

app;d þ ½Md � � C
!

app;c þ C
!

n;d ; ð8Þ
with

� [Mc] = 1/2 Æ ([M1] + [M2]),
� [Md] = 1/2 Æ ([M1] � [M2]),
� K
!

0;d ¼ 1=2 � ðK!0;1 � K
!

0;2Þ.

The subscript d characterises the differential mode and
the subscript c the common one. C

!
n;d is estimated by the

quadratic sum of the decorrelated noise from the two
instruments.

Let (x,y,z) be the instrument reference frame: the axis y

points towards the sun, x is oriented towards the Earth in
the orbital plane when the satellite flies over the equator
and z is deduced from the other axes to obtain an ortho-
normal frame. Let a be the colatitude angle which varies
as the satellite travels around the Earth. In this case, the
measured acceleration can be expressed as:

C
!

meas;d � 1=2 �
Kcx hcz �hcy

�hcz Kcy hcx

hcy �hcx Kcz

2
64

3
75

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
�½Mc�

�
T xx T xy T xz

T xy T yy T yz

T xz T yz T zz

2
64

3
75

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
½T � �

Dx

Dy

Dz

�������|{z}
D � d �

g � sinðaÞ
0

g � cosðaÞ

�������|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
g!

0
BBB@

1
CCCA

þ ½Md � � C
!

app;c þ K
!

0;d þ C
!

n;d ð9Þ

with a � 2pforb Æ t for a quasi-circular orbit. hci represents
the misalignments and the coupling (which is negligible) be-
tween the instrument and the satellite reference frame about
the i axis and dKci is the i axis scale factor error. When the
satellite travels around the Earth, the colatitude varies. Txy

and Tyz are neglected because of the orbit low eccentricity
and the orientation of the satellite with respect to the Earth.

Eq. (9) shows that the instrument output at forb gives
directly the EP test signal d/2 if the other terms can be con-
sidered negligible at the same frequency and phase.
Because the instrument x axis is the most sensitive, it is
the only axis to be considered hereafter: it is the science
measurement axis.
Cmeas;dx¼ð1þdKcxÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}Kcx �T xxðfepÞ �Dx=2 ! offcentring along x axis ð10aÞ

þKcx �T xzðfepÞ �Dz=2 ! offcentring along z axis ð10bÞ
þhcz �T yy �Dy=2 ! sensitivity to axis misalignment ð10cÞ
þhcy �T zz �Dz=2 ! other axes misalignment ð10dÞ

þMdx � C
!

app;c ! differential disturbing terms ð10eÞ
þK0;dx ! bias ð10fÞ
þCn;dx ! noise ð10gÞ
�ðKcx �g � sinðaÞ�hcy �g � cosðaÞÞ �d=2 ! signal to be detected ð10hÞ

The common disturbing terms represent the misalignments
between the instrument sensitive axis and the satellite refer-
ence frame. The differential disturbing terms represent mis-
alignments and mismatchings between the two sensor axes
of the instrument.

Mdx = [Kdx,hdy,hdz] represents the first line of the differ-
ential sensitivity matrix with the difference of the sensor
sensitivities limited to 10�2 and the misalignment limited
to 1.5 · 10�3 rad by design. [Md] is constructed in the same
way as the common matrix, [Mc] and is the rejection of the
common mode. The error on the differential and common
scale factors is maximised: |Kcx| = |Kdx| = |K1x| = |K2x| 6
10�2. The differential acceleration is deduced from the
acceleration of each sensor.

The terms composing Cmeas,dx disturb at the same fre-
quency as the signal to be detected, Kcx Æ d Æ g Æ sin(a)/2.
They are thus either limited by design, or will be corrected
after evaluation.

For the sensitivity matrices and the defects, three types
of performance strategies are linked:

� specify the parameters (inertia, acceleration environ-
ment. . .) to be sufficiently low with respect to the EP
performance objective,
� estimate the parameters (offcentring) to correct the

measurement,
� improve the knowledge of the parameters (alignment) to

reduce the effect of the disturbances.

4. Before calibration

The dg/2 signal to be detected in Eq. (10) has an ampli-
tude of about 4 · 10�15 m s�2 (for an altitude of 730 km
and a EP violation at about 10�15). The MICROSCOPE
mission being specified for a signal to noise ratio of 1,
the accuracy required for the differential measurement is
of the same amplitude 4 · 10�15 m s�2. All the disturbing
terms of Eq. (10) must therefore be estimated or reduced
down to a certain amplitude. The approach chosen to spec-
ify a uniform value for each term: a disturbing amplitude of
10�16 m s�2 has been allocated considering a number of 40
terms.

It is first mandatory to evaluate each disturbing term
with respect to the expected accuracy measurement for
the EP test. Long-term variations of the calibrated
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parameters have been theoretically calculated to specify
how often they have to be calibrated (about every 3
months).

The d/2 term to be recovered (in Eq. 10h) is corrupted
by the instrument scale factor inaccuracies dKcx, fortunate-
ly limited by design to less than 10�2, that will only limit
the accuracy of the d estimation but not the sensitivity.
hcy Æ cos(a) is rejected because of the limited error angle
hcy and because it is in quadrature.

The bias K0,dx (Eq. 10f) does not need to be calibrated as
it gives a DC signal. Thermal variations of the bias and of
other parameters do not disrupt the calibration. Variation
of the bias is considered in the global error budget for the
EP test and limited by specification of the system.

Only potential fluctuations at the same frequency as a
variations shall have to be limited by design and operation
conditions, as well as the Cn,dx term. Their spectral densities
are specified around the EP signal frequency to less than
10�12 m s�2=

ffiffiffiffiffiffiffi
Hz
p

for agreement with the 20 orbit minimum
duration of each experimental measurement of the Equiva-
lence Principle.

The centres of gravity of the test-masses cannot be per-
fectly merged. By construction, the maximum separation
between them is 20 lm and this distance cannot be con-
trolled and known better than this value during the instru-
ment operation. This offcentring is the main contributor to
the disturbing measurement.

This contribution occurs in the terms Kcx Æ Txx(fep) Æ Dx/2
and Kcx Æ Txz(fep) Æ Dz/2 (Eqs. (10a) and (10b)). Before cali-
bration, Dx � Dz 6 20 · 10�6 m. The scale factor Kcx is not
calibrated and is known a priori to ±10�2. The orbit eccen-
tricity e is specified to less than 5 · 10�3 and therefore the
gravity gradients are at the order of Txx(fep)�
Txz(fep)� 4.15 · 10�9 s�2. The error can then be estimated as:

� Kcx Æ Txx(fep) Æ Dx/2 6 4.15 · 10�14 m s�2,
� Txx(fep) Æ Dx/2 6 4.15 · 10�14 m s�2,
� Txz(fep) Æ Dz/2 6 4.15 · 10�14 m s�2,

which is more than 10 times higher than the signal to be
detected without taking into account the other disturbing
terms. The aim of the calibration is to reduce the impact
of this term on the measurement by a factor 200 using an
in-flight estimation of Kcx Æ Dx and Kcx Æ Dz. The principle
of this estimation is detailed in the following section.
Parameters Maximal value
per design

Imp
cali

hcy (Dz 6 20 lm) 1.5 · 10�3 rad 2 ·
hcz (Dz 6 20 lm) 1.5 · 10�3 rad 2.6
Kcx Æ Dx and Kcx Æ Dz (dKcx 6 10�2) 20.2 lm 4.1
Dy (hcz = 1.5 · 10�3 rad) 20 lm 3.4
Kdx 10�2 10�

hdy and hdz 10�3 rad 2 ·

Total 9.8
The common sensitivity matrix, Mc, represents the
defects of the instrument with respect to satellite reference
frame. hci, limited to 1.5 · 10�3 rad by construction, repre-
sents the angle between the i axis of the instrument and the
i axis of the satellite reference frame, based on the star
tracker data. This value is due to the alignment error
between the accelerometer and the star tracker and to the
error in the measurements of the star tracker referred to
the inertial reference frame.

hcz Æ Tyy Æ Dy/2 is a source of perturbation whose impact
has to be evaluated in order to specify both hcz and Dy.
Before calibration, Dy 6 20 lm, Tyy(fep) � 1.7 · 10�8 s�2

and hcz 6 1.5 · 10�3 rad. hcz Æ Tyy Æ Dy/2 (10c) is then limit-
ed by design to

hcz � T yy � Dy=2 6 2:6� 10�16 m s�2:

In the same way Tzz(fep) � 1.3 · 10�8 s�2 and so hcy Æ
Tzz Æ Dz/2 (Eq. 10d) is limited to

hcy � T zz � Dz=2 6 2� 10�16 m s�2;

Both contributions are inferior to the signal to be detected
but they have to be reduced nonetheless when considering
all error sources.

The differential sensitivity matrix, [Md], represents
defects between the two inertial sensor axes. Before calibra-
tion, the disturbing term in equation (Eq. 10e) is evaluated

with jMdxj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

dx þ h2
dy þ h2

dz

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð10�2Þ2 þ 2� ð10�3Þ2

q
�

10�2. When the drag compensation system of the
satellite is operating nominally, Capp,c(fep) shall be limited
to 10�12 m s�2 at the EP frequency. Considering the
limit for each systematic error, 10�16 m s�2, |Mdx| needs
to be inferior to 10�4 to reach the required mission
accuracy.

In order to decrease |Mdx| down to 10�4, hdy and hdz

have to be known to 1% and Kdx to 1.5%. The table
below summarizes the MICROSCOPE instrument param-
eters to be considered in this approach and their values
predicted by design. It also gives the amplitude of the
induced disturbing effect on the EP test. The objectives
for the in-orbit calibration of each parameter are also
mentioned as well as the resulting residual effect on the
test (Pradels, 2003).
act before
bration (m s�2)

Specification
for e = 5 · 10�3

Impact after
calibration (m s�2)

10�16 10�3 rad 1.7 · 10�16

· 10�16 10�3 rad 1.7 · 10�16

5 · 10�14 0.1 lm 2.1 · 10�16

· 10�16 0.4 lm 6.8 · 10�18

14 1.5 · 10�4 1.5 · 10�16

10�15 5 · 10�5 rad 10�16

· 10�14 1.1 · 10�15
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We can see that the total contribution is inferior to the
signal to be detected but the repartition is not equivalent
between each parameter. Indeed, some parameters are
more easily calibrated than others. An optimisation of
the repartition of the contribution could improve the glob-
al correction of the measurement.

5. The calibration

In order to correct the detected signal, each parameter
mentioned in the previous table is calibrated in orbit by
taking advantage of the drag-free system to apply periodic
accelerations on the instrument, at well-known frequencies
about or along the instrument axes.

From the equations of satellite motion and of the instru-
ment measurement, calibration procedures are determined.
For each parameter, the amplitudes of the necessary cali-
brating signals have been determined taking into account
the capabilities of the satellite propulsion system and the
required signal to noise ratio in the calibration data process-
ing. The duration of each calibration session is a trade-off
between the interest to limit the overall calibration phase
duration (in order to allow more alternating calibration
and EP test phases during the mission) and the interest to
increase the rejection of the stochastic errors during the cal-
ibration (to be compared to the systematic errors).

The minimum session duration, provided hereafter for
each parameter, is simply evaluated by

T meas ¼
Stoc

Spec� Sys

� �2

; ð11Þ

where Stoc represents the stochastic error of the signal, Sys
the systematic error at the frequency of the calibration and
Spec the amplitude of the signal to be detected according to
the specification. Tmeas is also considered to be at least one
orbit period, i.e. about 6000 s at the considered 730 km alti-
tude, the disturbing signals appearing at the orbital fre-
quency harmonics being in that way better rejected.

5.1. Calibration of the offcentrings between the two test-

masses

The Earth’s gravity gradient induces a major signal in
the differential measurement at twice the test frequency
fep. An estimate of Dx and Dz can be obtained from this well
characterized signal with a sufficient accuracy.

Kcx � Dx �
1

T xxð2f epÞ
� ð2 � Cmeas;dxð2f epÞ

þ hcy � Dz � T zzð2f epÞ þ Cn;dxð2f epÞÞ ð12Þ

In this case, the systematic error (due to hcy Æ Dz =
1.5 · 10�3 Æ 2 · 10�6) corresponds to 0.03 lm and the
statistic error (due to the measurement noise) is
5 lm=

ffiffiffiffiffiffiffi
Hz
p

. Kcx Æ Dx calibration requires at least
Tmeas = 5100 s, or nearly two orbits including margin of
one additional orbit.
Dz also needs two orbits for its evaluation. The advan-
tage of the method of calibration of these parameters is
the fact that they can be estimated during the mission with-
out any specific motion of the satellite or instrument.

That is not the case for Dy, which is evaluated by oscil-
lating the satellite around the x or z axis. The angular
acceleration of the satellite is limited to 2 · 10�6 rad s�2

by the maximum thrust available from the propulsion sys-
tem. In Eq. (13), an oscillation about z has been selected:

Dy �
2

_xz
� ½ð1� dKcxÞ � Cmeas;dxðfcalibÞ

� hcz � Capp;dyðfcalibÞ � hcy � Capp;dzðfcalibÞ
�Mdx � Capp;cðfcalibÞ þ Cn;dðfcalibÞ� ð13Þ

The systematic error is evaluated to 0.04 l (due to
2
_xz
� hcz � Capp;dyðfcalibÞ ¼ 0:03 lm and 2

_xz
�Mdx � Capp;cðfcalibÞ ¼

0:01 lm). The statistic error is 3 lm=
ffiffiffiffiffiffiffi
Hz
p

, due to the
measurement noise. According to Eq. (11), Tmeas = 70 s,
leading to one orbit session. When considering the evalua-
tion of all three offcentring components by oscillating the
satellite, six orbits are necessary.

5.2. Calibration of the common misalignments

To estimate the off-diagonal components of the common
sensitivity matrix, i.e. the attitude angles between the instru-
ment axes and the satellite star tracker reference, the satel-
lite is again oscillated about one reference axis (x or y), with
a maximal angular acceleration of 2 · 10�6 rad s�2 and a
frequency of fsat. This oscillation is produced by biasing
the star sensor output to be sure that the oscillation is
obtained in the satellite frame and not in the instrument
one. The drag-free system has to be used in the bandwith
of the star tracker functioning (Pradels, 2003).

Simultaneously, the test-masses of the instrument are
moved along the axial direction (z axis) with a 10 lm sine
amplitude at a frequency finstr. The combination of both
motions highlights Coriolis terms, which are neglected in
Eq. (4) when both masses are controlled relatively motion-
less with an accuracy of at least 10�11 m. The axes of oscil-
lation have been chosen from a numerical analysis in order
to decrease the tone error as much as possible.

hcy �
2 � ð½Mdx� � C

!
app;cðfcalÞ � Cmeas;dxðfcalÞÞ þ Cn;dxðfcalÞ

_xz � Dx=y=2þ xz � _Dx=y

ð14Þ
In the same way

hcz �
2 � ð½Mdx� � C

!
app;cðfcalÞ � Cmeas;dxðfcalÞÞ þ Cn;dxðfcalÞ

_xz � Dx=y=2þ xz � _Dx=y

ð15Þ
The component of the measurement at fcal = finstr�fsat is
about 2 · 10�13 m s�2, to be evaluated with a precision of
10�13 m s�2.

Considering only the resolution of the instrument
(10�12 m s�2=

ffiffiffiffiffiffiffi
Hz
p

, which corresponds to a statistic
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equivalent error on hcy of 0:03 rad=rad=
ffiffiffiffiffiffiffi
Hz
p

), the required
calibration duration is only 100 s and the systematic error
is evaluated to 1.3 · 10�4 rad. The calibration for this mis-
alignment has to last about Tmeas = 1200 s, leading to one
orbit for one angle evaluation. By selecting other satellite
axes of rotation, the same angle can be measured in two
ways, increasing the confidence in the calibration. Eight
orbits (including margins) are presently considered for
the evaluation of these two common angles.
5.3. Calibration of the mismatching and misalignments

between both sensors

For the evaluation of the mismatching and misalign-
ments between both sensor axes of the same SAGE instru-
ment, the linear acceleration of the satellite is modulated by
a sine wave. The statistical error is due to the instrument
noise level and has a value of 1:5� 10�4=

ffiffiffiffiffiffiffi
Hz
p

. The scale
factor (Kdx) systematic error is 1.2 · 10�4. For the calibra-
tion objectives of 1.5 · 10�4, the session duration is
Tmeas = 25 s, so one orbit.

For the misalignment angles, hdy and hdz, the
5 · 10�5 rad objective of accuracy is reached with systemat-
ic error of 3 · 10�5 rad and a calibration session of
Tmeas = 56 s, so again one orbit for each angle.

Three orbits are then needed for the calibration of [Mdx],
or six orbits when adding an extra orbit of margin to each
session.

The table below sums up the parameters to be calibrat-
ed, their specification, the time needed to achieve this spec-
ification and their contribution after calibration.
Parameters Specification Calibration
duration
(orbits)

Performance
(m s�2)

hcy 10�3 rad 4 1.7 · 10�16

hcz 10�3 rad 4 1.7 · 10�16

Kcx Æ Dx 0.1 lm 2 2.1 · 10�16

Kcx Æ Dz 0.1 lm 2 2.1 · 10�16

Dy 0.4 lm 5 6.8 · 10�18

Kdx 1.5 · 10�4 2 1.5 · 10�16

hdy 5 · 10�5 rad 2 10�16

hdz 5 · 10�5 rad 2 10�16

Total 23 1.1 · 10�15
The calibration will take place before and after each
measurement phase in order to detect drifts of the param-
eters that may occur. Even if the parameters could be cal-
ibrated on ground, an in-flight calibration would be
necessary to check their stability after the launch.
6. Conclusion

In-orbit calibration of the science instrument is manda-
tory to achieve the targetted accuracy of 10�15 for the
Equivalence Principle test. This calibration phase is in fact
one of the major elements of the space mission. Sensitivities
of the electrostatic accelerometers and orientations of the
axes, with respect to each other or with respect to the satel-
lite star tracker, can be evaluated by softly oscillating the
satellite in attitude or in translation. The offcentring
between the test-masses can be observed in the same way
in addition to the evaluation performed via the Earth grav-
ity gradient signals. The required precise motions of the
satellite but also of the masses can be produced by
the FEEP electrical thrusters, while similar motions of the
masses are provided by the electrostatic actuators around
the masses. Calibration sessions have been established to
evaluate the possibilities offered by the satellite and the
instrument operation. The minimum duration of each ses-
sion devoted to the evaluation of each parameter has been
computed and the first calibration scenario requires 23
orbits for one SAGE instrument leading to about three days
for both of them. The drag-free point of the satellite will be
centered on the SAGE mass being calibrated.

Quadratic effects are not taken into account in this arti-
cle but need to be studied as well as the other parameters
presented. The contribution cannot be equally allocated
between all the parameters, as initially expected. An opti-
misation between them is necessary to decrease as much
as possible the total disturbing harmonic error of the
measurement.

Numeric simulations are being performed to validate the
analytical calculations presented here and especially to take
into account any thermal fluctuations during or between
the calibration sessions.
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